The somatostatin receptor subtype 2 (sst2) mediates inhibition of hormone secretion and cell proliferation, and modulates neurotransmission. Its expression is widespread in various normal tissues and many malignant cells, and is up-regulated by estrogen in breast cancer cells. This study was undertaken to investigate molecular mechanism of transcriptional regulation of the human sst2 gene, for which an additional exon (exon 1) in the 5 0 -untranslated region was recently found.
Introduction
Somatostatin, a neuropeptide originally isolated as a growth hormone (GH) release-inhibiting hormone, is widely expressed in the central nervous system and peripheral organs including the gut, pancreas, thyroid, and immune cells (Patel 1999) . The peptide exerts its effects by interacting with specific G protein-coupled somatostatin receptors. There exist five distinct somatostatin receptor subtypes (sst1-sst5), among which sst2 is well known to be involved in many physiological functions (Patel 1999 , Reubi 2003 , Krantic et al. 2004 , Olias et al. 2004 . These include inhibitory regulation of endocrine and exocrine secretions (Patel 1999) , such as GH, adrenocorticotrophin, glucagon, and gastric acid (Martinez et al. 1998 , Ren et al. 2003 , Ben-Shlomo et al. 2005 . In central nervous system of an sst2-deficient mouse, GH-induced feedback suppression of GH secretion in GH-releasing hormone-secreting arcuate neurons is impaired (Zheng et al. 1997) , and fine motor control, spatial learning, and neuronal plasticity are disordered (Dutar et al. 2002 , Krantic et al. 2004 , Olias et al. 2004 . In a number of malignant cells, suppression of cell proliferation by somatostatin and its analogs is mediated via sst2 , Reubi 2003 . The immune system is also modulated through sst2 by somatostatin and cortistatin, a cyclic neuropeptide related to somatostatin (Dalm et al. 2003 , Krantic et al. 2004 . These functional properties of sst2 is well substantiated by not only its widespread expression in human normal tissues, such as pituitary, brain, pancreatic islets, adrenal gland, kidney, and blood lymphocytes (Yamada et al. 1992 , Patel 1999 , but also frequent and high expression in various tumors including GH-secreting pituitary adenoma, gastroenteropancreatic tumors, neuroblastomas, small cell lung carcinomas, and breast cancers , Reubi 2003 .
Despite its physiological and pathological importance, molecular mechanism underlying transcriptional regulation of the human sst2 gene remains unclear. Previous reports showed that an initiator element, SSTR2inr, exists in proximal upstream of the coding region and forms a core promoter (Pscherer et al. 1996) . The SSTR2inr contained E and TC boxes, with which SL3-3 enhancer factor 2 (SEF-2) and brainspecific c-myc intron-binding protein 1 (MIBP1) interacted as trans-factors respectively, although very limited expression of MIBP1 was reported in tissues and cell types such as brain and neuroblastoma (Dorflinger et al. 1999) and no definite transcriptional cis-elements were identified in the 5 0 -distal region of the SSTR2inr, except broad regions related to estrogen (Xu et al. 1998) , glucocorticoid (Petersenn et al. 1999) , and transforming growth factor b-responsiveness (Puente et al. 2001) . Recently, however, a finding by full-length human cDNA sequencing (Mammalian Gene Collection (MGC) Program Team; Strausberg et al. 2002) demonstrated an additional sequence (exon 1) in the 5 0 -UTR of the sst2 gene, whose structural arrangement appeared to be extremely similar to those of corresponding genes of rat and mouse origins (Kraus et al. 1998 , Kimura et al. 2001 . These recent findings make it necessary to undertake more detailed analysis on the transcriptional regulation based on the newly reported human sst2 gene structural organization.
In a previous study, we found that the somatostatin responsiveness to inhibit prolactin release was provided by the administration of estrogen into a rat pituitary primary-cultured cell (Kimura et al. 1986 ). This phenomenon was attributed to an increased number of somatostatin receptor binding sites, a large part of which constituted sst2 (Kimura et al. 1989 , Djordjijevic et al. 1998 . Similar effects of estrogen on sst2 mRNA expression and sst2 binding activity were reported for human breast cancer cell lines (Xu et al. 1996) . Importance of the estrogen-induced sst2 expression is recognized in the recent oncological studies, in which, for example, the effectiveness of endocrine therapy can be assessed with a whole-body imaging of 99m Tc-labeled depreotide that binds to sst2 since its expression associates with functional estrogen receptor (ER) positivity and may lead to a better clinical prognosis (Van Den Bossche et al. 2004 , 2006 , Orlando et al. 2004 , Murdie 2006 . Nevertheless, the mechanism of transcriptional regulation by estrogen has been poorly understood in the human sst2 gene. The region required for the estrogen responsiveness is shown only in a broad region (5 . . 8 kbp) upstream of the translation initiation site of sst2 gene (Xu et al. 1998 ). These observations imply that the estrogen action may occur through 5 0 -upstream of the newly identified exon 1 of the human sst2 gene.
The purpose of the present study is to elucidate molecular mechanisms underlying transcriptional regulation of the human sst2 gene. We first characterized the 5 0 -flanking region of the human sst2 gene to identify cis-and trans-acting elements in a novel promoter and then investigated the mechanism by which estrogen up-regulates transcription of the human sst2 gene.
Materials and methods

Materials
The oligonucleotides and double-stranded oligonucleotides were obtained from BEX (Tokyo, Japan): S2-1, GGT TGA CAC CAC AGA GCC ATT GAG GTC; S2-2, CTC ATC CGC CAT GTC CAT GGC TGC; S2-3, CAG CTT GGC TAG CGC CTG GCG CCG GAC GT; S2-4, GTT CCT GGC TCC TCG ACC CTC TTG TGC C; S2-5, gac acg cgt CTG CCT AGA ATA TAT GGG TGG AAG  GGA ATC GAC; S2-6, gac ctc gag GGC TGC TTT TCA  GTC TTA GGC TAG TTC CAG; S2-7, CTC GCA AGA  CCA CCA GCG CCC AGA; S2-8, GAA GCC GCT GTG  ACG TAG CGG GAG GG; S2-9, GCC CCC CTC CCG  CTA CGT CAC AGC GG; S2-10; AGG GGT TGG GGG  GGC GGA GCG AA; S2-11, CGG CTT CGC TCC GCC  CCC CCA AC; S2-12, CCT ACT CTT AGC CTG GCC  CTG CG; S2-13, TCA CAG AGT CGA TTC CCT TCC  AC; S2-14, GTG CTG GCG CCA CAA TCT CCG CTC  TTG CCT; and S2-15, AGT GTC AGG ACC GCG GAG CCG GTT GCT. Consensus Sp1 and estrogen response element (ERE) oligonucleotides were purchased from Promega Corp. and Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA) respectively. ICI182780 and tamoxifen were obtained from Tocris Cookson Ltd (Ellisville, MO, USA) and Sigma-Aldrich respectively. Recombinant proteins of ERa and ERb were obtained from Invitrogen Co.
Determination of the transcription start site
The transcription start site of the human sst2 gene was analyzed by SMART (Switching Mechanism At 5 0 -end of RNA Transcript) technology using SMART RACE cDNA amplification kit (Clontech Laboratories Inc.) as described previously (Kimura et al. 2001) . In brief, total RNAs of the human brain and pancreas (Clontech Lab.) were reverse transcribed with M-MLV Reverse Transcriptase (RNase K Point Mutant, Promega) in the presence of SMARTII oligonucleotide at 42 8C. The first-strand cDNA with the 5 0 -end of the additional N KIMURA and others . Transcriptional regulation of human sst2 gene SMART sequence was then amplified in the PCR mixture in the presence of LA-Taq DNA polymerase with GC buffer I (Takara, Osaka, Japan), deoxynucleotide triphosphates, sense universal primer mix, and an antisense primer of human sst2 (S2-1), and then nested PCRs were performed with the combination of a sensenested universal primer and an antisense-nested primer (S2-2). The PCR products were cloned into a pTA vector and analyzed by sequencing.
Cloning of the 5 0 -flanking region of the human sst2 gene
The 5 0 -flanking region of the transcription initiation site of the human sst2 gene was cloned by a previously reported method, using human Genome Walker Kits (Clontech Lab.; Kimura et al. 2001) . The first PCR was performed with genomic libraries as the template and human sst2 cDNA primers (S2-3) as the antisense primers, and nested PCR was performed using a nested antisense primer (S2-4). For cloning of the full-length intron, PCR was performed with LA-Taq DNA polymerase, the human genomic EcoRV library, a sense primer S2-5, and an antisense primer S2-6.
RT-PCR
Total RNA samples were isolated with TRIzol reagent (Invitrogen Com.) according to the manufacturer's instructions. RNA samples were treated with DNase I to remove contaminating DNA before the RNAs were reverse transcribed using a random primer. PCR amplification of cDNA was performed essentially as described previously (Kimura et al. 1998 (Kimura et al. , 2001 ). Primers of S2-7 and S2-2 were used for human sst2 (exons 1 and 2). Primers for human sst2 (exon 2) and human glyceraldehydes-3-phosphate dehydrogenase (GAPDH) were as previously described (Kimura et al. 2001) . The cDNAs produced from 40 ng total RNA were amplified using the primers of sst2 and GAPDH for 37 and 27 cycles respectively. No signal of PCR products was observed when amplification was performed in parallel in the absence of RT.
Reporter and expression plasmids
The full-length 5 0 -flanking region fragments of both exon 1 (K3734/C149) and exon 2 (K325/C4297) were cloned into a firefly luciferase reporter plasmid, pGL3-Basic (Promega Corp.), and deletion mutant plasmids were prepared. A distal enhancer region of rat prolactin (PRL) gene (Day & Maurer 1989) , which was from K1769 to K1495 of the translation initiation site, was cloned into a pGL3-Promoter Vector with SV40 promoter. Site-directed mutagenesis of the human sst2 promoter was performed using a Quick Change SiteDirected Mutagenesis Kit (Stratagene, La Jolla, CA, USA). Expression vectors, pPac0 and pPacSp1, were gifts from R Tjian (Courey & Tjian 1988) , and pPacSp2 and pPacSp3 vectors were gifts from J D Noti (Noti 1997) . The expression vectors of ERs (pSV2RcER and pCXN2hERb) and the pit-1 (pRSV-Pit-1) were generously supplied from M Muramatsu and S Inoue (Ogawa et al. 1998) and from R A Maurer (Day & Maurer 1989) respectively. All reporter constructs were confirmed by sequencing and then purified using a Plasmid Midi Kit (Qiagen).
Cell culture and transient transfection assay
Human cervical carcinoma (HeLa), human embryonic kidney cells (HEK-239), IMR-32 (human neuroblastoma), TIG-1 (human normal diploid fibroblast; Ohashi et al. 1980) , and NS20Y and Neuro2A (mouse neuroblastoma cells) were grown in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal calf serum (FCS). T47D (human breast cancer cells) were grown in RPMI-1640 medium supplemented with 10% FCS.
GH 3 cells were grown in F-10 medium containing 2 . 5% FCS and 15% horse serum. All cells were maintained in humidified 5% CO 2 -95% air at 37 8C. Cells were seeded in a 24-well tissue culture plate 24-48 h prior to transfection. Transient transfection experiments were carried out using Lipofectamine Plus reagent (Invitrogen Co.; Kimura et al. 2001) . Plasmids expressing Renilla luciferase such as pRL-TK or pRL-CMV were used as internal controls to normalize varying transfection efficiencies. For studies of estrogen action, cells were grown in phenol red-free DMEM containing charcoaltreated sera and the transfection was performed using phenol red-free OPTI-MEM. SL2 cells (a generous gift from S Ohsako (TMIN, Tokyo, Japan)) were grown in Schneider's medium containing 10% FCS at 25 8C. SL2 cells (2-4!10 6 cells per a well) were plated onto a 24-well tissue culture plate. After 2 days of seeding, the cells were transfected with 400 ng reporter plasmids, 4 ng of an internal standard plasmid (pRL-CMV), and 50 ng pPac0, pPacSp1, pPacSp2, or pPacSp3 expression vector. pPac0 is an empty vector which does not express Sp proteins. Cells were harvested 48 h after the transfection and luciferase activities in the cell lysate were assayed. The promoterless pGL3-Basic vector was included as a control in the transfection experiments and the results of the luciferase activity were calculated relative to the activity of pGL3-Basic.
Electrophoretic mobility shift assay (EMSA) prepared using a Klenow fragment of DNA polymerase. For probe C (K79/K50) or probe D (K99/K73), oligonucleotides (S2-8 and S2-9 or S2-10 and S2-11 respectively) were synthesized as overhanging complementary strands, annealed, purified by high performance liquid chromatography (HPLC), and end-labeled with [a-32 P]deoxy-CTP. Nuclear extracts (2 . 5-3 . 0 mg) or purified ER proteins were added to the binding reaction mixture, preincubated with or without DNA competitors at 4 8C for 30 min, and then the labeled probes were added. In supershift experiments, antibodies (1 . 5 mg) obtained from Santa Cruz Biotechnology Inc. were added to a reaction mixture prior to addition of the probes. Incubation was performed for 20 min at 22 8C, then overnight at 4 8C. The reaction mixture was loaded onto a 4% native polyacrylamide gel in 0 . 5!TBE and run at 150 V. The gels were dried and analyzed using a FUJIX Bio Imaging Analyzer, BAS2000 (Fuji Photo Film Co. Ltd, Tokyo, Japan).
Chromatin immunoprecipitation (ChIP) assay
The ChIP assay was performed using a Chip-IT kit (Active Motif Japan, Tokyo, Japan) according to the manufacture's instruction. In brief, after treatment of estrogen, cells were fixed with 1% formaldehyde for 10 min at room temperature and the fixation was stopped with Glycine Stop-Fix solution. Then cells were lysed in lysis buffer and centrifuged to obtain chromatin fraction. The chromatin was suspended in a Shearing Buffer, sonicated to shear DNA (a shearing DNA size of w300-600 bp) with a handy sonic (Tomy Seiko Co. Ltd, Tokyo, Japan), and then pre-cleaned with protein G beads. These samples were immunoprecipitated overnight at 4 8C with specific antibodies to the N-terminal domain of ERa (H-184) or ERb (H-150; Santa Cruz Biotechnology Inc). The complexes of antibody and chromatin were collected with protein G beads, followed by extensive washing. For reverse of crosslinks between protein and DNA, the immune complexes were incubated at 65 8C overnight. After proteinase K digestion, DNA was purified using DNA purification mini-column. The purified DNAs were analyzed by PCR (31 cycles) using primer sets of S2-12 and S2-13, and S2-14 and S2-15 to amplify K457/K276 region and C968/C1121 region of the human sst2 gene respectively. PCR products were resolved on a 2 . 5% ethidium bromide-agarose gel and densitomeric quantification was performed with an ATTO densitograph (ATTO Ltd, Tokyo, Japan).
Statistical analysis
Results are shown as the meanGS.E.M. of at least three independent transfection experiments. On each transfection experiment, each sample was assayed in triplicate or quadruplicate. The significance of difference was determined by Student's t-test. P!0 . 05 was considered as statistically significant.
Results
Structure of the 5
0 -flanking region of the human sst2 gene
During the course of studies on the transcriptional regulation of the human sst2 gene, we found another exon in the 5 0 -upstream region (Kimura & Takamatsu 2002) , which was followed by verification by MGC Program Team (Strausberg et al. 2002) . To determine the transcription initiation site of the human sst2 gene, 5 0 -end of the cDNA obtained from total RNAs of normal human brain and pancreas was first analyzed. When PCR was performed to amplify sst2 cDNA linked to SMART oligonucleotide at the 5 0 -end, a single band (w400 bp) was obtained from both the tissues (Fig. 1A) . From analyses of these bands, 5 0 -end of the sst2 transcripts was found to be located at C12 of the human sst2 mRNA sequence of the MGC program team (Fig. 1B) . The results demonstrated that the 5 0 -UTR of human sst2 gene is in fact composed of two exons and that the newly identified exon 1 is transcribed in various cultured cells of human origin as well, including HeLa, HEK-239, IMR-32 neuroblastoma, TIG-1 normal diploid fibroblast, and T47D breast cancer cells (Fig. 1C) . The total RNAs from human brain and pancreas were reverse transcribed in the presence of the SMART II oligonucleotide and then PCR and the nested PCR were performed. The PCR products were separated on ethidium bromide-agarose gel (Lanes 1 and 2). In all clones containing the specific 5 0 -sequence of the sst2 gene (9 clones from the brain and 12 clones from the pancreas), the start site was located 349 nucleotides upstream from the ATG codon. (B) Nucleotide sequence of the human sst2 gene (h). Regions of the exon are shown in uppercase letters. The 5 0 -flanking region and the intron are shown in lowercase letters. The nucleotide numbering starts with C1 at the transcription initiation site of the MGC team (GenBank accession number NM001050). The initiation site that we determined in the present study is shown as an arrow (C12). Sequence motifs described in the text are marked with bold lines. The translation start site, ATG, is boxed. The promoter region and exon 1 of the rat (DDBJ accession number AB047297; r) and mouse sst2 genes (DDBJ accession number AJ005519, AJ005520; m) are given in parallel. Conserved nucleotides are indicated with asterisks (*). (C) Transcriptional expression of the sequence containing exons 1 and 2 of the sst2 in various human-cultured cell lines along with human tissues. PCR amplification was performed using primers of sense exon 1-and antisense exon 2-specific oligonucleotides (upper panel), the specific primers of exon 2 (middle panel), and primers of GAPDH (bottom panel). Next, to study molecular mechanism of the transcriptional control of sst2 gene, we cloned a 5 0 -upstream region from the translation initiation site (8031 bp, GenBank accession number AB260891). It was composed of 5 0 -flanking region (3745 bp), exon 1 (257 bp), intron (3937 bp), and exon 2 (92 bp). Proximal upstream region of the transcription initiation site did not contain typical TATA and CCAAT boxes. Upstream sequence (100 bp) of the transcription initiation site resembled those of rat and mouse genes with about 75% homology, demonstrating that the structure of the 5 0 -flanking region of sst2 gene is conserved between human and rodent species (Fig. 1B) .
Functional analysis of the 5 0 -flanking region of the human sst2 gene
To examine promoter activity of the 5 0 -flanking region of the exon 1, the region with various lengths was linked to a firefly luciferase reporter gene in a pGL3-Basic vector. The constructs were then transfected into human-cultured HeLa or T47D cells, rat pituitary GH 3 cells, and mouse neuroblastoma NS20Y and Neuro2A cells ( Fig. 2A) . Constructs containing the proximal 5 0 -flanking region of exon 1 (K3734/C149/luc, K111/C149/luc, K325/C4297/luc) generally provided strong promoter activity when compared with those lacking the region (C478/C4297/luc, C4167/C4297/luc). It should be emphasized that the promoter activity of K111/C149/luc construct was much stronger than that of C4167/C4297/luc construct containing the SSTR2inr region (Pscherer et al. 1996) . The promoter activity of K325/C4297/luc construct was higher in HeLa and T47D cells (1 . 6-to 1 . 7-fold) than those of K111/C149/luc construct, whereas it showed lower level in other cells tested, including HEK-293 and IMR-32 (data not shown), suggesting the existence of a transcription enhancing 0 -upstream regions were determined in HeLa and T47D cells. The relative luciferase activity for each construct, whose amount in molecule was adjusted to that corresponding to the promoterless plasmid (pGL3-Basic), was calculated relative to the activity of pGL3-Basic.
factor(s) acting on the intron region in HeLa and T47D cells.
The constructs containing 5 0 -flanking region with various length from K3734 to K25 were further analyzed to identify the region responsible for promoting transcription (Fig. 2B) . The promoter activity of K3734/C149/luc construct in HeLa, T47D, and GH 3 cells showed a 22-, 87-, and 9-fold increase respectively over promoterless plasmid pGL3-Basic. In HeLa and GH 3 cells transfected with constructs containing 5 0 -deleted promoter regions to various extent (from K3734 to K111), the promoter activity was further increased. In T47D cells, however, 5 0 -deletion of the region between K580 and K325 rather caused a remarkable decrease, suggesting that some transcription enhancing factor(s) may act between K580 and K325. The promoter activity of K25/C149/luc only showed a twofold increase in all these cells, making it likely that major regulatory cis-elements of the human sst2 gene exist between K111 and K25. Therefore, the construct containing the region from K111 to C149 was practically considered to be a minimal promoter of the human sst2 gene in this study.
To identify possible cis-elements in the region from K111 to C149, six 5 0 -deleted constructs, starting from K84, K65, K43, K25,C23, and C79, were tested in HeLa and T47D cells (Fig. 2C) . The regions between K111 and K84, K84 and K65, and K65 and K43 appeared to contain transcription-activating elements.
Determination of trans-acting factors by EMSA
EMSA was performed to clarify binding factors interacting with the minimal promoter (Fig. 3) . Radiolabeled probe A (K107/K26) formed three bands (a, b, and c) with HeLa nuclear proteins (Fig. 3, lane 2) . These radioactive bands were displaced with an excess doublestranded oligonucleotide, K99/K77 ( ). An antibody against Sp4 did not affect the mobility of the radiolabeled complexes related to Sp1-I and Figure 3 Analysis of the proximal promoter region of the human sst2 gene by EMSAs. The sequence of the relevant part from K107 to K26 containing two Sp1 sites (underline) and an ATF/CRE site (double underline) is shown in the upper panel and probes shown were used. The nuclear extract from HeLa cells was incubated with a 32 P-labeled probe A in the absence and presence of 50 ng cold double-strand oligonucleotide K107/K26, K99/K77, K75/K54, or K59/K39, and 40 ng consensus double-strand oligonucleotide of Sp1 (lanes 1-6). NS shows nonspecific bands. In lanes 7-12, nuclear extracts from HeLa cells were preincubated without or with anti-Sp1, anti-Sp2, anti-Sp3, and anti-Sp4 before addition of the radiolabeled probe B. In lanes 13-22, nuclear extracts from GH 3 cells were preincubated without or with antibodies against members of transcription factors that interact with the CRE motif and then incubated with a radiolabeled probe C. In lanes 23-28, nuclear extracts from HeLa were preincubated without or with anti-Sp1, anti-Sp2, anti-Sp3, and anti-Sp4 before addition of a radiolabeled probe D.
Sp1-II (lanes 12 and 28) although Sp4 is known to express in the brain and in certain cell lines including HeLa cells (Hagen et al. 1992) . Concerning a putative ATF/CRE site, any radioactive bands formed with the radiolabeled probe A were not displaced with excess double-stranded oligonucleotide K75/K54 (lane 4). However, when we employed probe C (K79/K50) containing only a putative ATF/CRE site, two bands (g and h) were observed (lane 14), both of which were competed with excessive amounts of K107/K26 (lane 13). Anti-ATF-2 and anti-c-Jun antibodies supershifted band g (lanes 17, 20, and 22), but antibodies against ATF-1, ATF-3, ATF-4, and c-Fos did not. Anti-CREB abolished band h (lane 15). These results demonstrate that Sp1, Sp2, and Sp3 bind to the Sp1-I and Sp1-II sites in the minimal promoter, whereas ATF-2, c-Jun, and CREB bind to the ATF/CRE site.
Determination of cis-elements by mutagenesis analysis
To evaluate two Sp1 motifs (Sp1-I and Sp1-II sites) and one ATF/CRE motif, mutations were introduced within the minimal promoter and their promoter activities were examined (Fig. 4) . Sp1-I and Sp1-II sites of the wild-type plasmid (WT1, K111/C149/luc) were mutated from GGGGCGTGGG to GGTTCGTGGG and GGGCGGAGCG to GTTCGGAGCG (Mut1 and Mut3) respectively. Mutation of Sp1-I (Mut1) reduced the promoter activity to 49% of that of WT1 in HeLa cells, but such reduction was not observed in T47D and GH 3 cells. Mutation of Sp1-II (Mut3) caused profound decrease in HeLa, T47D, and GH 3 cells. When the ATF/CRE site was mutated from TGACGTAG to TGTGGTAG (Mut2), the promoter activity decreased comparable with those of Mut3. Double mutations of Sp1-II together with either Sp1-I or ATF/CRE (Mut5 and Mut6) produced more decrease than Mut3, whereas double mutation of Sp1-I and ATF/CRE (Mut4) did not show such further decrease. Triple mutation (Mut7) led to the largest suppression to !10% of WT1. From these data, it appears that Sp1-II works predominantly over the other sites to activate the promoter activity and acts cooperatively with ATF/CRE site. Sp1-I also showed such cooperativity with Figure 4 Requirement of Sp1-I, Sp1-II, and ATF/CRE sites for the full promoter activity of the human sst2 gene. Schematic representation of the human sst2 reporter construct (WT1: K111/C149/luc) and its mutated ones (Mut1-7) is shown in the left panel. The mutated sites are indicated as X. These constructs were transfected into HeLa, T47D, and GH 3 cells. The relative luciferase activity is given as a percentage of the activity of the wild-type construct. N KIMURA and others . Transcriptional regulation of human sst2 gene ATF/CRE site. These results indicate that Sp1-I, ATF/ CRE, and Sp1-II sites appear to play essential roles in expressing the human sst2 promoter activity.
Identification of Sp1-related proteins trans-acting on the proximal promoter in Sp-deficient Drosophila cells
The finding that the promoter activity of Mut1 construct decreased in HeLa cells with no change in T47D and GH 3 cells led us to examine the effects of Sp family proteins using Drosophila SL2 cells deficient in endogenous Sp1-related proteins (Suske 1999) . The promoter activity of K25/C149/luc construct lacking both Sp1 sites increased 2 . 1-fold by expressing Sp1 with pPacSp1, whereas K75/C149/luc construct containing Sp1-I site resulted in further increase (3 . 0-fold; Fig. 5 ). Cotransfection of pPacSp1 and K111/C 149/luc construct containing both Sp1-I and Sp1-II sites caused an additional increase (4 . 3-fold) in the reporter activity. Both pPacSp3 and pPacSp2 were capable of enhancing the promoter activity of K111/C149/luc construct 2 . 3-and 1 . 8-fold respectively, but this enhancement was lost for K25/C149/luc and K75/C149/luc constructs. It follows that the Sp1-I site is preferentially used for transactivation by Sp1 protein, while the Sp1-II site is available for Sp3, Sp1, and Sp2 proteins. In addition, the data suggested an unidentified cis-regulatory site responsible for Sp1 between K25 and C149 of the human sst2 gene.
Activation of the promoter activity of human sst2 gene by estrogen
The mRNA expression of the human sst2 gene as well as rat one is under the regulation by estrogen (Xu et al. 1996 , Kimura et al. 1998 . Since 17b-estradiol (E 2 ) up-regulates mRNA level of the rat sst2 gene in GH 3 cells (Kimura et al. 2001 ), E 2 action on the promoter activity was investigated using GH 3 cells first. E 2 increased the reporter activity of K3734/C149/luc construct (Fig. 6A) . The activation by E 2 was observed even after the 5 0 -region was deleted up to K111, but E 2 caused suppression for K25/C 149/luc construct (P!0 . 05). Promoter activity of K325/C4297/luc (1 . 24-fold increase) showed no major difference compared with that of K111/C149/ luc construct (1 . 31-fold increase) with respect to the transcriptional activation by E 2 (Fig. 6A) . The results implied that the region between K111 and C149 of the human sst2 gene was sufficient for the E 2 responsiveness in GH 3 cells but the extent of activation by E 2 was relatively low compared with that observed for the rat counterpart region (Kimura et al. 2001) .
Next, we analyzed the estrogen effect on the promoter activity of the human sst2 gene using T47D breast cancer cells, which express ERa and, to a lesser extent, ERb (Kietz et al. 2004) . In T47D cells, E 2 treatment for 24 h increased sst2 transcript containing the exon 1 by threefold (Fig. 6B ), demonstrating at least that most of the estrogen-induced transcription of sst2 mRNA occurs upstream of the exon 1. When T47D cells were transfected with K3734/C149/luc construct, promoter activity was activated by E 2 up to 3 . 7-fold (Fig. 6C ). This activation was decreased by deleting from K3734 to K325. Both K325/C149/luc and K111/C149/luc constructs still responded to E 2 but K25/C149/luc construct did not (Fig. 6C) . These results make it likely that there are at least two E 2 -responsive regions in the proximal and distal parts of the promoter. An ER antagonist ICI182780 by itself did not show any effect on the reporter activity of K3734/C149/luc at 10 K7 M and 10 K6 M, and almost completely abolished the activation by E 2 (10 K8 M) at a concentration of 10 K6 M (Fig. 6D) . In an experiment shown in Fig. 6E , where ICI182780 was included in the E 2 -untreated group to minimize possible contamination by estrogen-like substance(s), estrogen responsiveness was unchanged until 5 0 -upstream was shortened up to K463 but drastically declined in more deleted constructs (Fig. 6E, right  panel) . The region between K1159 and K464 appears to contain estrogen-independent transcriptional enhancing elements (Fig. 6E, left panel) . Therefore, the region between K463 and K427 seemed to be responsible for the distal transcriptional activation by estrogen.
Tamoxifen, which is known as an anti-estrogen in the breast cancer therapy (Jordan & Morrow 1999) , also Figure 5 Effect of overexpression of Sp1, Sp2, and Sp3 on the promoter activity of the human sst2 gene in Drosophila SL2 cells. Drosophila SL2 cells were transfected with indicated reporter constructs together with either of the expression plasmids pPacSp1, pPacSp2, and pPacSp3 as described in Materials and methods. The relative luciferase activity is given as a fold activation over each value obtained with the empty vector of pPac0. activated the promoter activity of K580/C149/luc (1 . 9-fold increase), although the increase by tamoxifen was lower than that by E 2 (Fig. 6F) . Meanwhile, in HeLa cells overexpressing ERa, the promoter activity of K580/C149/luc construct was increased only by 30% with E 2 treatment, whereas under similar conditions E 2 addition resulted in 3 . 7-fold increase for a construct consisting of SV40 promoter and PRL enhancer region containing ERE (Klinge 2001 ; Fig. 6G ). It follows that estrogen responsiveness of the distal region of the human sst2 gene may take place in a cell-specific manner.
N KIMURA and others . Transcriptional regulation of human sst2 gene
Determination of estrogen-responsive cis-elements by mutagenesis analysis
The proximal E 2 responsiveness was lost in K111/C 149/luc constructs mutated at either ATF/CRE (Mut2) or Sp1-II (Mut3) site (Fig. 7A) . Mutation of Sp1-I (Mut1) also affected the activation by E 2 in T47D cells but not in GH 3 cells. Double mutations of ATF/CRE and Sp1-II rather resulted in suppression when compared with the control group. Thus, these proximal cis-elements, either one or in concert, are likely to mediate the transcriptional activation by E 2 .
On the other hand, as to the distal E 2 responsiveness, all of the cis-elements of the minimal promoter, namely Sp1-I, ATF/CRE, and Sp1-II, were required in T47D cells, although the minimum estrogen responsiveness was observed (w1 . 5-fold increase) with mutation in each cis-element (Fig. 7B) . Therefore, the distal estrogen-responsive region may act like an enhancer for the minimal promoter. The region between K463 and K427 was further analyzed using WT2 (K580/C149/luc) and its deleted constructs. Deletion of AT-rich sequence between K463 and K448 (Mut8) or GC-rich sequence between K447 and K431 (Mut9) did not affect the E 2 responsiveness (Fig. 7C) . However, the E 2 responsiveness declined to some extent by deleting another GC-rich sequence between K430 and K414 (Mut10) and decreased further to the proximal E 2 response level in a construct deleted between K447 and K414 (Mut11). Therefore, the K447/K414 GC-rich region was found to be strictly required for the distal E 2 responsiveness.
Role of ERE half-site and ERa for distal E 2 responsiveness in T47D cells
To further investigate the molecular basis for the distal E 2 responsiveness produced by the K447/K414 GC-rich region, we explored potential responsible sequences. No typical ERE known as GGTCA(N) 3-TGACC (Klinge 2001) was present between K580 and C149, but one half-site (GGTCA) of ERE was detected between K348 and K344. In proximity to the half-site, one imperfect ERE half-site with one nucleotide variation (K366/K362, GGTCC) was located like DR12, which was the direct repeat of the ERE half-site (AGGTCA) separated by 12 nucleotides (Klinge 2001) . Therefore, whether these sequences are relevant was tested using a construct with deletion of these ERE halfsites (Mut12). Mut12 showed decreased promoter activity in T47D cells (Fig. 8A) . Moreover, mutation of the half ERE (from GGTCA to GTACA, Mut13) alone caused a decrease. Neither of these reductions occurred in GH 3 cells. Mutation of the imperfect half ERE (GGTCC to GTACC) did not affected the promoter activity (data not shown).
When either ERa or ERb was overexpressed, the promoter activity of WT2 was potentiated in T47D cells (Fig. 8B) . However, this potentiation was lost when Mut13 was used under the same condition. In accordance with these results, EMSA revealed that the recombinant proteins of ERa and ERb bound to radiolabeled probe E (K388/K326) containing the half ERE and formed bands a and b respectively (Fig. 8C,  lanes 1 and 6) . Both bands were completely displaced by excessive amounts of consensus ERE (lanes 4 and 9) and in part by cold oligonucleotides, K361/K334 (lanes 2 Figure 6 Analysis of estrogen action on the promoter activity of the human sst2 gene. (A) Effect of 17b-estradiol (E 2 ) on the promoter activity of the human sst2 gene in GH 3 cells. Each construct indicated in the Fig. (300 ng) and pRL-TK (16 ng) was cotransfected into GH 3 cells. After transfection, the cells were incubated in the medium with or without 10 K8 M E 2 for 24 h. The relative luciferase activity of the E 2 -treated group is given as a percentage of the control without E 2 . *P!0 . 05 compared with the value without E 2 .
(B) The sst2 mRNA levels were increased by E 2 in T47D cells. The expression of sst2 transcripts was examined after 24-h treatment without or with E 2 (10 K8 M) in T47D cells, using RT-PCR as described in the legend of Fig. 1C (left panel) . The PCR products were semi-quantified by Atto densitograph soft and date are shown as the meanGS.E.M. of three independent experiments (right panel).
Each experiment was performed in duplicate or triplicate. *P!0 . 05 compared with the value without E 2 . (C) Effect of E 2 on the promoter activity of the human sst2 gene in T47D cells. Each construct indicated (300 ng) was cotransfected with pRL-CMV (0 . 1 ng) into T47D cells. After transfection, the cells were cultured for 15 h, followed by a 32-h culture in medium containing 10 K8 M E 2 . The relative luciferase activity of the E 2 -treated group is given as a percentage of the control without E 2 . *P!0 . 05 compared with the value without E 2 . (D) Inhibition of E 2 -activated promoter activity by ICI182780. After the cells were transfected with the K3734/C 149/luc construct, cells were cultured overnight and then treated without or with 10 K8 M E 2 in the presence of 10 K7 M or 10 K6 M ICI182780. The relative luciferase activity is given as a percentage of the control without chemicals. *P!0 . 05 compared with the value of E 2 . (E) Effect of E 2 on the promoter activity of various construct of the human sst2 gene in T47D cells. Each construct was transfected into T47D cells as described in C. In the left panel, the relative luciferase activity of the 10 K7 M ICI182780-treated group is shown as fold activation compared with the activity of pGL3-Basic. In the right panel, the relative luciferase activity of the E 2 -treated group is indicated as percent of that of the ICI182780-treated group. and 7) and K388/K326 (lanes 5 and 10), but unaffected by K361/K329 containing mutated half ERE (from GGTCA to GTACA; lanes 3 and 8). The bands a and b were abolished by including anti-ERa and antiERb respectively (lanes 13 and 15). Thus, both ERa and ERb are able to bind to the ERE half-site that mediates the estrogen responsiveness in T47D cells.
To verify the role of ERs, we next examined using ChIP assay whether ERa and ERb are recruited to the ERE half-site in T47D cells upon E 2 treatment. After T47D cells were treated with E 2 for various time, crosslinked sheared chromatin was immunoprecipitated with antibodies against ERa and ERb, and then the recovered DNA fraction was investigated by PCR to detect sst2 promoter region encompassing the ERE half-site (Fig. 8D ). E 2 increased the binding of ERa to the region between K457 and K276, time dependently (lanes 1-4), whereas it did not to an intron region (C968/C1121) as a reference (lanes 5 and 6). After a 1-h treatment with E 2 , amount of the recruited ERa increased approximately ninefold over the untreated control value (Fig. 8D, right panel) . On the other hand, no obvious binding of ERb to this region was observed after 1-and 24-h treatment with E 2 (Fig. 8D, lanes 7-9) , although ERb mRNA expression is reportedly up-regulated by E 2 in T47D cells (Kietz et al. 2004) . Taken together, these results obtained in T47D cells at least demonstrate that the distal E 2 responsiveness is achieved via the recruitment of E 2 -activated ERa to the region containing half ERE.
Discussion
In the present study, we disclosed for the first time detailed structural and functional features of the 5 0 -flanking region of the human sst2 gene and identified cis-regulatory elements and trans-acting factors in the newly characterized promoter. We also established the molecular basis for the estrogen responsiveness that occurs through both ATF/CRE and Sp1 sites present in the minimal promoter, in combination with the distal region containing an ERE half-site and a GC-rich sequence, dependently on cell context (Fig. 9) .
According to the present study in conjunction with others including that of MGC Program Team (Strausberg et al. 2002) , the existence of an additional exon 1 and an intron in the 5 0 -upstream of the coding region was defined. The exon 1 was identified in the tissues such as brain and pancreas and cell lines of human origin tested. The size of exon 1 was determined to consist of 257 bp in the present study compared with 268 bp in the human retinoblastoma (Strausberg et al. 2002) and 276 bp in the fetal brain (GenBank accession number, CR593522). The 5 0 -flanking region of the human sst2 gene contained Sp1 and ATF/CRE sites in the minimal promoter. The newly determined structure of the human sst2 gene and its transcriptional regulatory region, which show a high similarity to the rat gene (Kimura et al. 2001) , make a sharp contrast with previous reports on the human gene, in which the transcriptional start sites were located between 83 and 93 bp upstream of the ATG codon (Pscherer et al. 1996 , Xu et al. 1998 , Petersenn et al. 1999 . However, since a previous report showed that the corresponding region of the human SSTR2inr is used in mouse tissues including brain, lung, kidney, and spleen (Kraus et al. 1998) , it cannot be ruled out that the sequence encompassing the intron 1 and exon 2 located in the proximity of the ATG codon may operate as well in a species-dependent manner.
The present study revealed that Sp1-I site is activated by Sp1 protein. However, it would be worth mentioning that while MUT1 lacking Sp1-I site resulted in a decrease in the promoter activity in HeLa cells, this decrease was not observed in GH 3 and T47D cells. The observation in GH 3 cells can be explained by low expression of Sp1 (Coleman et al. 1992) , but this is not the case in T47D cells since the cell expresses Sp1 protein (Fujita et al. 2004) . Simplest explanation for the latter case may be given from a finding that undetermined Sp1-related site(s) was suggested to exist between K25 and C149 in Drosophila SL2 cells (Fig. 5) . This Sp1-related site might have compensated the Sp1-I in T47D cells. In contrast, Sp3 and Sp2 in addition to Sp1 were capable of acting on Sp1-II site. The Sp1-II, rather than the Sp1-I site, appears to contribute to the promoter activity in HeLa and T47D as well as GH 3 cells (Fig. 4) . Together, transcription of the sst2 gene may be regulated through the Sp1-I and Sp1-II sites in concert under the balance between Sp family proteins expressed in a given cell type.
The human ATF/CRE consists of asymmetrical sequence (TGACGTAC), being in contrast with the rodent CRE of sst2 gene that comprises the consensus CRE palindrome (TGACGTCA; Kraus et al. 1998 , Kimura et al. 2001 . Interestingly, EMSA data revealed that the human sst2 ATF/CRE was capable of interacting with ATF2, c-Jun, and CREB, whereas ATF-2 and c-Jun proteins, but not CREB, bound to the rat sst2 CRE (Kimura et al. 2001) . Whether this differential binding property is derived from species-specific CRE sequence remains to be further studied, since CREB binding to CRE sites of many genes reportedly takes place in a cell type-specific manner (Cha-Molstad et al. 2004) .
We suggested that the up-regulation of sst2 transcription by E 2 occurred through not only the proximal promoter region but also the further upstream region of the human sst2 gene in T47D cells. As for the proximal promoter region, no canonical ERE was identified. In such an ERE-independent transactivation, ER is known to regulate transcription through protein-protein interaction by forming a complex with other transcription factors, such as c-Jun, Sp1, and Sp3 (Stoner et al. 2000 , Castro-Rivera et al. 2001 , Klinge 2001 , O'Lone et al. 2004 , Higgins et al. 2006 .
The E 2 -mediated activation that occurs at GC-rich sites is reported to take place through interacting with ER-Sp1 or ER-Sp3 complex (Castro-Rivera et al. 2001 , Higgins et al. 2006 , whereas E 2 -mediated inhibition is conveyed through interaction with ER-Sp3 complex (Stoner et al. 2000) . In the light of the present observation that both CRE and Sp1 sites in the proximal promoter region are responsible for the E 2 action, such a complex, ER-Sp1, ER-c-Jun/ATF-2, or ER-Sp3 may play a role in the transcriptional activation by E 2 .
Regarding the E 2 responsiveness in the distal region, since more recent literatures demonstrated that FoxA1 interacts with FoxA1 motif and, in combination with ERE or ERE half-site, facilitates the interaction of ER with chromatin nucleosome in breast cancer cells (Laganiere et al. 2005 , Carroll & Brown 2006 , we first wondered whether or not FoxA1-like protein binds to an AT-rich sequence (K463/K448). The present study, however, showed that the AT-rich region was irrelevant and rather implied that a GC-rich region (K447/K414) was critically important. The GC-rich region contained no typical consensus Sp1 sequence although three Sp1 sites with low matching scores were found by searching with a TFSEARCH program (Heinemeyer et al. 1998) . Nevertheless, the GC-rich region in conjunction with ERE halfsite is suggested as a possible target of ER. This assumption is based on a finding that ERa, when interacted with Sp1, is able to bind directly to a sequence with Sp1(N) x ERE half or Sp1(N) x ERE motifs (Safe 2001 , O'Lone et al. 2004 , in which the two consensus motifs are located at a distance with various lengths (Safe 2001) . In the present case, the K447/K414 region and the ERE half-site are located at a distance of about 65 bp. This distance is close to a length that encircles a single nucleosome, as discussed in metastasis-associated protein 3 promoter containing Sp1(N) 65 ERE half-site (Fujita et al. 2004 ). It could also be possible that ER may interact with still unidentified factor, recruit other nuclear protein(s) and, as a result, facilitate interaction with general transcription factors.
The present observation on the molecular link between E 2 , ERs, and sst2 may provide insights into some physiological and clinical issues. For example, besides the somatotrophs and mammotrophs in the pituitary and the breast cancer cells, several tissues such as prostate, stomach, and lung cancers express both ERs Figure 8 Identification of half ERE in the distal estrogen-responsive region of the sst2 promoter. (A) Effect of deletion and mutation of putative ERE on the promoter activity. The K580/C149/luc construct (WT2) and those with deletion from K367 to K343 (Mut 12) and with mutation in half ERE (Mut 13) were transfected into T47D or GH 3 cells. After transfection, cells were grown in the normal growth medium containing 10 K8 M E 2 for 24 h. *P!0 . 05 decrease compared with the value of WT2. (B) Overexpression of ERa and ERb leads to an increase in promoter activity of WT2 but does not in the mutated half ERE construct (Mut13). The constructs of WT2 and Mut13 were cotransfected with varying dose of ERa expression vector (pSV2RcER) or ERb expression vector (pCXN2hERb) into T47D cells. Cells were grown in the normal growth medium without (upper panel) or with 10 K8 M E 2 (lower panel) for 24 h. Significant (*P!0 . 001) activation by overexpression of ERa or ERb compared with the E 2 -plus control value. (C) EMSA of the distal promoter region containing the half ERE site. Recombinant ERa or ERb protein (each 750 fmol) and E 2 (5!10 K8 M) was incubated with a 32 P-labeled probe E (K388/K326) in the absence or presence of 100 ng cold double-strand oligonucleotide (K361/K334, K361/K329Mut and consensus ERE) or 30 ng cold K388/K326 as indicated in the panel (lanes 1-10) . In a lane 11, no recombinant proteins were added in the incubation mixture. In lanes 12-15, the recombinant ERs were preincubated without or with antibodies against ERa and ERb and then incubated with a radiolabeled probe E. (D) Analysis on interaction of ERs with the region containing ERE half-site using ChIP assay. In the left panel, the chromatin preparations were isolated from T47D cells treated with E 2 for indicated times, followed by immunoprecipitation using antibodies against ERa (aERa), ERb (aERb), or IgG as a control. The region between K457 and K276 (lanes 1-4, lanes 7-9) or between C968 and C1121 (lanes 5 and 6) was amplified from the immunoprecipitated chromatin or 1% input, which was the preparation before immunoprecipitation. Semi-quantitated value of each band was shown as percent of the input. In the right panel, the binding of ERa to the region between K457 and K276 of the sst2 gene was demonstrated as percent of input in T47D cells treated with E 2 for 1 h. Values represent the meansGS.E.M. of five independent experiments. (*P!0 . 001). 0 -flanking region. In the intron region, two cis-elements, E and TC boxes, and the regions required for glucocorticoid and transforming growth factor b responsiveness, which were previously documented (Pscherer et al. 1996 , Dorflinger et al. 1999 , Petersenn et al. 1999 , Puente et al. 2001 , are also illustrated. Each trans-acting factor is encircled with a square. and sst2 (Halmos et al. 2000 , Campbell-Thompson et al. 2001 , Dougherty et al. 2006 , and in rodent central nervous system the arcuate nucleus expresses more sst2 in female than male (Shimizu et al. 2005 , Bouyer et al. 2006 . Since the expression of ERs is known to increase in progressed tumors (Deroo & Korach 2006) , it is expected that the increased ER proteins may lead to induce the sst2 gene expression. In breast cancers, effectiveness of endocrine therapy is evaluated in terms of the sst2 expression level, relying on the fact that the sst2 expression is coupled with functional ER positivity (Van Den Bossche et al. 2006) . On the other hand, recently, not only sst2-acting somatostatin analogues but also sst2 gene therapy has been challenged in the treatment of a number of tumors. In the case of human pancreatic tumors that do not express sst2, gene therapy for sst2 has been considered as a potential approach to render tumors sensitive to sst2 agonists to suppress cell growth (Carrere et al. 2005) . The present study demonstrated that both ATF-2 and c-Jun were required for full expression of the human sst2 gene. Some oncogenic proteins are known to be able to activate ATF-2 and c-Jun via mitogen-and stressactivated protein kinase signal transduction (van Dam & Castellazzi 2001) . Our present results may provide a clue to explain the phenomenon that the sst2 gene is highly expressed under tumorigenic environment. Together, elucidation of the molecular mechanism of regulating sst2 gene expression should contribute to understanding molecular basis of tumor diagnosis and therapies.
